The effect of ethylenediaminetetraacetate (EDTA) on the oxidative dissolution of FeS at pH 2.5 and 25 o C was investigated by using potentiodynamic polarization technique and electrochemical impedance spectroscopy. The results of our study show that EDTA affects aqueous oxidation of FeS. It exerts two opposite effects on the anodic process: 1) a promoting effect, because of the dissolution of ferric (oxyhydr)oxides, and 2) an inhibiting effect, because of EDTA adsorption on FeS surface.
Introduction
Iron monosulfide minerals (pyrrhotite, troilite and mackinawite) are more reactive than iron disulfide phases (pyrite and marcasite). In contact with oxygen-bearing solutions they easily oxidize and result in acid mine drainage, along with other mineral sulfides. 1, 2 Their oxidation starts with non-oxidative dissolution (a proton consuming reaction) and continues with the oxidation of S(-II) and Fe(II).
3 Sulfur(-II) can be oxidized to polysulfide, elemental sulfur and sulfoxyanions. Iron(II) is oxidized to Fe(III). At high pH values, Fe(III) ions precipitate as ferric (oxyhydr)oxides. Polysulfide, elemental sulfur and ferric (oxyhydr)oxides form a surface layer that alters the oxidative dissolution of FeS minerals. 3, 4 The ligands which react with Fe(III) are expected to influence the aqueous oxidation of FeS. On the one hand, they can alter the surface layer and increase the rate of FeS oxidative dissolution. On the other hand, they may be interposed between the oxidized surface and solution by forming co-ordination bonds with surface iron. In this way they act as inhibitors of FeS oxidation.
In this study we have investigated the effect of ethylenediaminetetraacetate, a ligand of Fe(III), on the oxidative dissolution of FeS using potentiodynamic polarization technique and electrochemical impedance spectroscopy. Ethylenediaminetetraacetate contaminates certain sites due to its industrial use as a powerful ligand for metals like Ca, Zn, Pb or Fe(III) 5 and consequently can affect the oxidative dissolution of FeS.
Experimental
Synthetic iron(II) sulfide obtained from Merck was used in the study. X-ray diffraction analysis (Philips PW3710 diffractometer, CuKα) showed that the iron sulfide phase is troilite (FeS). Aqueous solutions were prepared with distilled water and chemicals of reagent grade purity.
The electrochemical behavior of the FeS in the absence and presence of ethylenediaminotetraacetate (EDTA) was studied by potentiodynamic polarization (PP) and electrochemical impedance spectroscopy (EIS) using a threeelectrode cell filled with air-equilibrated HCl solutions at pH 2.5 and at 25 o C. The working electrode was a rectangular FeS sample with the apparent exposed surface area of 1 cm 2 . Prior to each run, the working electrode was polished with 600, 2000 and 3000 grade SiC paper, degreased in ethyl alcohol, dried and then immersed in the experimental solution. The counter-electrode was a platinum foil. The working electrode potentials were recorded versus a saturated calomel electrode (SCE). An electrochemical workstation Zahner interfaced with a PC and controlled by Thales software was used for measurements. The potentiodynamic polarization curves were recorded at a potential scan rate of 1 mV/s. The potential range was from -0.25 to 0.25 V versus open circuit potential (OCP). Electrochemical impedance measurements were performed in the frequency range of 10 mHz to 3 MHz with an ac perturbation voltage of 10 mV to study the FeS/solution interface. All potentials presented in this paper are expressed against standard hydrogen electrode (SHE). Fig. 1 shows the potentiodynamic polarization curves of FeS electrode in aqueous solutions at 25 o C and pH 2.5 in the absence and at increasing concentrations of EDTA. The variation of cathodic current densities was insignificant when the total concentration of EDTA ([EDTA] tot ) increases from 0 up to 1 mM. A more important variation was observed in the case of anodic current densities (insert in Fig. 1 ). It is important to note that when EDTA was added to HCl solutions, the current density recorded at the end of anodic curves (Table 1) increased from 611 µA cm -2 (0 mM) up to 671 µA cm -2 (0.1 mM). A subsequent increase in [EDTA] tot caused a decrease in current density recorded at the end of anodic curves (E≈-130 mV) down to 542 µA cm -2 (0.75 mM). This behavior indicates that the overall effect of EDTA is the sum of two opposite effects: (1) a promoting effect ([EDTA] tot 0.5 mM ) that can be attributed to the dissolution of ferric (oxyhydr)oxydes present on FeS surface in the presence of EDTA, and (2) an inhibiting effect ([EDTA] tot > 0.5 mM) that can be due to the interaction of EDTA and iron incorporated in the surface layer developed on FeS surface.
Results and discussion
Values of OCP (Table 2) show some limited variations around the average value of -384 mV when [EDTA] tot increases from 0 to 1 mM.
The impedance behavior of FeS electrode in air-equilibrated HCl solutions at pH 2.5 and 25 o C in the absence and at increasing [EDTA] tot is presented in Fig. 2 . The Nyquist plots show two capacitive loops indicating the presence of two main time constants. The capacitive loops at low frequencies are depressed in nature having their center below the abscissa. A possible explanation of this behavior is the presence of inhomogeneities of the FeS/solution interface formed during oxidation. 6, 7 It important to note that the radius of the capacitive loops at low frequencies is very similar for all [EDTA] tot values (in the range 0-1 mM). The capacitive loops at low frequencies are the result of the charge transfer process of electrochemical reactions produced during FeS oxidation. 8 The capacitive loops present at high frequencies can be attributed to mass transfer across the layer (composed by elemental sulfur, ferric (oxyhydr)oxides and adsorbed EDTA) present on FeS surface. Table 1 . Current densities recorded at a potential of ≈-130 mV vs SHE (the end of anodic curves).
[EDTA]tot / mM i / µA cm The micrographs of unreacted FeS and FeS reacted in the absence and presence of EDTA are shown in Figs. 3A-D. Fig. 3A shows that on the surface of unreacted FeS there are only grooves caused by polishing. For FeS oxidatively dissolved in absence of EDTA, the surface locally becomes reddish-brown, suggesting the growth of ferric (oxyhydr)oxides (Figs. 3B) . When EDTA was added into HCl solutions these reddish-brown deposits disappeared and evidence of extensive oxidative dissolution appeared (Figs. 3C and D) . Additionally the grooves caused by polishing disappeared on the surface of FeS. These observations suggest that EDTA promotes the oxidative dissolution of FeS by initially dissolving ferric (oxyhydr)oxides formed on the mineral surface. However, as the electrochemical data indicate, at high values of ligand concentration, the adsorption of EDTA on mineral surface controls the aqueous oxidation of FeS. The adsorbed EDTA inhibits the aqueous oxidation of FeS hindering the electron transfer from FeS to oxidant. 
Conclusions
It was found that EDTA (and possibly other ligands of the ferric iron) present at contaminated sites affects aqueous oxidation of FeS (anodic reaction). Electrochemical analysis of FeS electrode shows two capacitive loops. The loop at low frequencies is the result of the charge transfer process of electrochemical reactions produced during FeS oxidation, and the capacitive loop presents at high frequencies can be attributed to mass transfer across the surface layer. The microscopic inspection of reacted electrodes coupled with the results of electrochemical measurements indicate that EDTA exerts two opposite effects: 1) a promoting effect, because of the dissolution of ferric (oxyhydr)oxides, and 2) an inhibiting effect, because of EDTA adsorption on FeS surface.
